
N A S A  TECHNICAL. NOTE N A S A  TN D-5550 

0 
VI 
vr 
L n  

I 

z 

4 vl 
4 z 

EXPERIMENTAL EVALUATION 
OF A 3.5O-INCH RADIAL TURBINE 
DESIGNED FOR A 10-KILOWATT 
SPACE POWER SYSTEM 

by Milton G. Kofikey dnd Charles A. Wdsserbauer 

Lewis Research Center 
ClevelaBd Obi0 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  0 W A S H I N G T O N ,  D. C. e NOVEMBER 1969 



1. Report No. 
NASA TN D-5550 

5. Supplementary Notes 

2. Government Access ion No. 3. Recip ient 's  Cata log No. 

16. Abst ract  

Tests were conducted in argon at the design Reynolds number of 109 000 and over a 
range of Reynolds number from 68 900 to 219 900. Performance resul ts  at design 
Reynolds number a r e  presented in t e rms  of equivalent specific work, torque, mass  
flow rate, and efficiency for a range of speeds and pressure ratios.  A comparison of 
turbine efficiency is made with those of 6.02-in. (15.29 cm) and 4-59-in. (11.66 cm) 
radial-inflow turbines, which were geometrically similar to the 3.50-in. (8.89-cm) 
diameter turbine. 

4. T i t l e  and Subt i t le  EXPERIMENTAL EVALUATION OF A 
3.50-INCH RADIAL TURBINE DESIGNED FOR A 10- 
KILOWATT SPACE POWER SYSTEM 

7. Author(s) 
Milton G. Kofskey and Charles A. Wasserbauer 
Perfarming Organization Name and Address 9. 

Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 44135 

2. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

17. Key Wards (Suggested by Aufhor(s ) )  

Turbines 
Reynolds number 
Performance tests 

5. Report Date 
November 1969 

6. Performing Organization Code 

8. Performing Organization Report No. 
E-5213 

10. Work Un i t  No. 
120-27 

11. Contract or Grant No. 

13. Type  o f  Report and Per iod Covered 

Technical Note 

14. Sponsoring Agency Code 

18. D is t r i bu t i on  Statement 

Unclassified - unlimited 

19. Security Class i f .  ( o f  this report) 

Unclassified 
20. Security Class i f .  (o f  th is  page) 21- No. of Pages 22. P r i c e *  

Unclassified 19 $3.00 



EXPERIMENTAL EVALUATION OF A 3.50-INCH RAD 

DESIGNED FOR A 10-KILOWATT SPACE POWER SYSTEM 

by Mi l ton  G. Kofskey and Charles A. Wasserbauer 

Lewis Research Center 

SUMMARY 

An experimental investigation of a 3.50-inch (8.89-cm) diameter radial-inflow tur- 
bine was made to determine the performance characteristics of a radial turbine in this 
small size range. The experimental results are compared with those obtained from two 
turbines of geometrically similar design but with tip diameters of 6.02 and 4.59 inches 
(15.29 and 11.66 cm). The investigation was conducted in cold argon at design Reynolds 
number and over a range of Reynolds number. 

Equivalent specific work of 11.96 Btu per pound (27.84 J/g), which was approxi- 
mately the design value, was obtained at design Reynolds number and design-point oper- 
ation. At this point of operation the equivalent mass flow rate was 0.341 pound per sec- 
ond (0.155 kg/sec), which is 4.7 percent lower than design and is attributable to flow 
areas less than design. Total and static efficiencies of 0.88 and 0.83, respectively, 
agree closely with the design values. Total efficiency increased from 0.87 to 0.91 as the 
Reynolds number increased from 68 900 to 219 900. 

Comparison of the performance results between the subject turbine and the two ref- 
erence turbines indicated that, within experimental accuracy, there were no significant 
changes in turbine performance when turbine size was reduced from a tip diameter of 
6.02 inches (15.29 cm) to 3.50 inches (8.89 cm). 

NTRODUCTION 

The space-power technology program being conducted at NASA Lewis has included 
the experimental study of several turbines for potential Brayton cycle systems. The ini- 
tial studies involved turbines that were designed to match the requirements of a two-shaft 
10-kilowatt (shaft) power system. The experimental study of a 6.02-inch (15.29-cm) 
radial-inflow compressor-drive turbine designed for this application (ref e 1) showed that 



E total efficiencies near 0.90 could be obtained for turbines of this size. 
It was of interest to determine the effect of reduction in size on turbine performance 

while maintaining the 10-kilowatt power level requirement. Use of a smaller turbine 
without a significant penalty in performance would permit a higher system pressure level 
for the same power output. This would benefit the heat-transfer components with respect 
to size and weight. Therefore, a 0.76 scale version of the turbine of reference 1 was 
designed, fabricdted and tested (ref. 2) e The hot design conditions were the same for 
both turbines except that the inlet total pressure was increased from 13.20 to 22.70 psia 
(9.10 to 15.65 N/cm ). The performance level of this 0.76 scale version (4.59-in. 
(11.66-cm) tip diameter), was about 2 points lower than that obtained for the original 
turbine of reference 1. The effects of the differences in shroud clearances between the 
two turbines as well as inaccuracy of data measurements could have accounted for the 
difference in efficiency. 

An interest in determining whether a further reduction in turbine size would have any 
appreciable effect on performance resulted in the fabrication and experimental investiga- 
tion of a third turbine. The tip diameter for this turbine was reduced to 3.50 inches 
(8.89 cm). The hot design conditions were the same as the turbines of references 1 
and 2 with the exception that the inlet total pressure was increased to 39.02 psia 

2 (26.90 N/cm abs). Tests were made with argon as the working fluid at an inlet temper- 
ature of 578' R (321 K). Performance was first determined at an inlet total pressure of 
9.0 psia (6.2 N/cm ), which corresponds to design Reynolds number at equivalent design 
speed and pressure ratio. The effect of Reynolds number on performance was then de- 
termined by operating the turbine over a range of inlet total pressures from about 6.0 to 

2 19.0 psia (4.1 to 13.1 N/cm ) with corresponding Reynolds number from 68 900 to 
219 900. At each inlet total pressure, data were obtained over a range of blade-jet speed 
ratio by varying speed and/or pressure ratio. 

This report presents the performance of this scaled turbine and compares it with 
that obtained for the two reference turbines. The results for the subject turbine a re  pre- 
sented in terms of equivalent specific work, equivalent mass flow rate, equivalent torque, 
and efficiency. Included a re  the results of a radial survey of rotor-exit flow angle, total 
temperature, and total pressure at design-point operation. 
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SYMBOLS 

A 

g 

H 

Ah 

2 

2 flow area, in. 2; cm 

dimensional constant, 32.174 ft/sec2; 9.807 m/sec2 

isentropic specific work (based on total pressure ratio), ft-lb/lb; J/g 

specific work, Btu/lb; J/g 



N turbine speed, rpm 
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V t  

'cr 

P 

V 

r 

specific speed, N (sec)'I2; 
(rad) (m)3/2 

2 pressure, psia; N/cm 

volume flow (based on exit conditions), f t  /sec; m /sec 

gas constant, (ft-lb)/(lb) &); @O(m>/(kkg)(K) 

turbine Reynolds number w/prt  

radius, f t ;  m 

absolute temperature, OR; K 

blade velocity, ft/sec; m/sec 

absolute gas velocity, ft/sec; m/sec 

ideal jet speed corresponding to total- to static-pressure ratio across turbine, 

3 3 

ft/sec; m/sec 

relative gas velocity, ft/sec; m/sec 

mass flow rate, lb/sec; kg/sec 

absolute gas flow angle measured from axial direction, deg 

ratio of specific heats 

ratio of inlet total pressure to U. S. standard sea-level pressure, p'/p* 

function of y used in relating parameters to those using air inlet conditions at 

U. S. standard sea-level conditions, 
Y 

turbine efficiency 

static efficiency (based on inlet- total- to exit-static-pressure ratio) 

total efficiency (based on inlet-total- to exit-total pressure ratio) 

squared ratio of critical velocity at turbine inlet to critical velocity at U. S. 
2 standard sea- level temperature, (Vcr/V:r) 

gas viscosity, lb/(ft)(sec); kg/(m)(sec) 

blade-jet speed ratio (based on rotor-inlet tip speed), U /V 

torque, in.-lb; Pa-m 
t j  
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a Subscripts: 

cr condition corresponding to Mach number of unity 

eq equivalent 

u tangential component 

1 

2 station at stator exit 

station at brbine inlet (fig. 5) 

3 station at rotor exit 

Super scripts : 

t absolute total state 

U. S. standard sea-level conditions (temperature equal to 518.67' R (288.15 K), * 
pressure equal to 14.70 psia (10.13 N/cm2) 

TURBINE DESCRI PTlON 

Des ig n Req u i r e  me nt s 

One of the purposes of this investigation was to compare the performance of the 
scaled turbine with that obtained for the two reference turbines. This required that the 
subject turbine be geometrically similar to the reference turbines and have the same 
mass flow rate and blade speed. All design-point values except inlet total pressure and 
rotative speed were therefore the same as for the two reference turbines. The turbine- 
inlet pressure was increased from 22.70  psia (15.65 N/cm ) (turbine of ref. 2) to 39.04 
psia (26.92 N/cm ) in order to satisfy the design requirement of equal values of mass 
flow rate. The smaller rotor tip diameter and the design requirement of equal blade 
speeds resulted in a design rotative speed (corresponding to hot operation) of 66 200 rpm 
for the subject turbine as compared with 50 500 rpm for the turbine of reference 2. 

The design-point values for all three turbines are shown in table I. Rotor inlet tip 
blade speed was used for the calculation of blade-jet speed ratio. The equivalent pres- 
sure ratios were calculated from equivalent specific work in air and the assumption of no 
change in efficiency when argon or air is used as the working fluid. 

Velocity diagrams were calculated to meet the design work requirement and are  pre- 
sented in figure 1. These diagrams are identical to those for the turbines of references 
1 and 2. The diagrams indicate a fairly conservative design, with a relatively low level 
of velocities and very little exit whirl. 
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TABLE I. - FlA.DIAL-INFLOW TURBINE DESIGN VALUES 

Argon 
Tip diameter, in. ; cm 
Total to total efficiency, qt 
Total to static efficiency, 8, 
Total- to total-pressure ratio, p i /p j  
Total- to static-pressure ratio, pi/p3 
Inlet total temperature, T;, OR; K 
Inlet total pressure,  Pi, psia; N/cm2 
Mass flow rate, w, lb/sec; kg/sec 
Specific work, Ah, Btu/lb; J/g 
Turbine speed, N, rpm 
Blade-jet speed ratio, u 
Specific speed, Ns, ft3/4/(min)(sec1/2); (rad)(m)3/2 (kg)3/4/;,ec)3/2(J)3/4 
Reynolds number, Re 

Equivalent mass  flow rate, EW G / 6 ,  lb/sec; kg/sec 
Equivalent specific work, Ah/@,,, Btu/lb; J/g 
Equivalent speed, N/&, rpm 
Equivalent total- to total-pressure ratio, 

Equivalent total- to static-pressure ratio, (pi/p3) 

Air equivalent (U. S. standard sea-level) 

0" 
--l 

Blade-jet speed ratio, v 
Specific speed, Ns, f t3/y(min) (sec1l2); (rad) (m)3/2 (kg)3/4/(sec)3/2 (J)3/4 
Equivalent torque,  ET/^, in. -1b; N-m 

Reference 1 
turbine 

6.02; 15.29 
0.880 
0.824 
1.560 
1.613 

1950; 1083 
13.20; 9.10 

0.611; 0.277 
34.73; 80.78 

38 500 
0.697 

95.6; 0.74 
63 700 

1.063; 0.482 
11.90; 27.68 

22 527 
1.496 

1.540 

0.697 
95.6; 0.74 

50.05; 5.65 

Reference 2 
turbine 

4.59; 11.66 
0.880 
0.824 
1.560 
1.613 

1950; 1083 
22.70; 15.65 
0.611; 0.277 
34.73; 80.78 

50 500 
0.697 

95.6; 0.74 
82 200 

0.616; 0.279 
11.90; 27.68 

29 550 
1.496 

1.540 

0.697 
95.6; 0.74 

22.12; 2.50 

Subject 
turbine 

3.50; 8.8 
0.880 
0.824 
1.560 
1.613 

1950; 1083 
39.04; 26.92 
0.611; 0.277 
34.73; 8a.18 

66 200 
0.697 

95.6; 0.14 
109 000 

0.358; 0.162 
11.90; 21.68 

38 741 
1.496 

1.540 

0.697 
95.6; 0.74 
9.80; 1.11 

& ,/-VIVcr = 0. E12 

Stator inlet 

Stator outlet 

LVuIVcr = 0.516 
25.2"l r 7 2 "  

23, 6", -71. 8" 67.8'1 r v l v c r  = a548 

Rotor inlet. 
wrw,, = O . l L % , A  ,'VIV,, = 0.533 

w v c r  = a  580 UIV,, = 0.580 4JlV,, - a 580 

,rV/Vcr 0.280 
rvlvcr O. 8 6  Rotor outlet 

I 

UlV,, = 0.156 LUJVcr = 0.347 LUiV,, = 0.449 

(a) Hub (b) 50 Percent streamline 

Figure 1. - Design velocity diagrams, 

( c )  Shroud 
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Turbine Geometry 

Figure 2 shows the turbine rotor and stator-scroll assembly. There are 14 stator 
blades, one of which has an extended leading edge portion to block the flow from entering 
the small end of the inlet scroll. The figure also shows that the rotor assembly includes 
11 blades and 11 splitter blades. These blades extend over approximately one-third the 
length of the blade near the leading edge and thereby decrease the blade loading in that 
region a 

erence turbines, some differences existed in the test units. Qne of these differences was 
in the shroud clearance values, which have an effect on performance, The rotor axial 
shroud clearance was 0.008 inch (0.020 cm), and the radial shroud clearance of the ex- 
ducer section was 0.006 inch (0.015 cm). These values, when expressed as a percent of 
blade height are 1.8 and 0.7 for the axial and radial clearances, respectively.. The tur- 
bine of reference 1 had axial and radial clearances of 2.5 and 0. '7 percent of the blade 
height while the turbine of reference 2 had axial and radial clearances of 1.9 and 1 .4  
percent of blade height. The significance of the difference in clearances will be dis- 
cussed in the RESULTS AND DISCUSSION section dealing with the performance compari- 
son of the three turbines. 

Although it was intended that the subject turbine be geometrically similar to the ref- 

Figure 2. - Rotor and scroll-stator assembly. 
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~ S T R U M E ~ T A T ~ O ~ ,  AND TEST PROCEDURE 

The apparatus used for this investigation consisted of the turbine, an airbrake dyna- 
mometer to absorb and measure the net power output of the turbine, and an inlet and ex- 
haust piping system with flow controls. The arrangement of the apparatus is shown 
schematically in figure 3. Argon was used as the driving fluid for the turbine. The 
argon was piped to the turbine through an electric heater, a filter, a mass flow measur- 
ing station consisting of a calibrated thin-plate orifice, and a remotely controlled pres- 
sure regulator. The gas, after passing through the turbine, was exhausted through a 
system of piping and a remotely operated valve into the laboratory low-pressure exhaust 

Argon from h igh-  
pressure supply system 

Electric 
heater 

Th in  -plate 
ori f ice 

Isolation shutoff valve 

Pressure control valve T 

Test turbine-, 

/ 

.‘A 
S 

Figure 3. - Experimental equipment 



system. With a fixed inlet pressure, the remotely operated valve in the exhaust line was 
used to obtain the desired pressure ratio across the turbine. 

The airbrake dynamometer, which was cradle-mounted on air bearings for torque 
measurement, absorbed the power output of the turbine and, at the same time, controlled 
the speed. The force on the torque a r m  was measured with a commercial strain-gage 
load cell, The rotational'speed was measured with an electronic counter in conjunction 
with a magnetic pickup and a shaft-mounted gear. The turbine test facility is shown in 
figure 4. 

Figure 4. - Experimental turbine test setup. 

In st r u mentat ion 

The instrumentation stations a re  shown in figure 5. Turbine performance was deter- 
mined by measurements taken at stations 1 and 3. The following instrumentation was lo- 
cated at the turbine inlet (station 1): four static-pressure taps and two total-temperature 
rakes each containing three thermocouples. At station 3, downstream of the rotor exit 
and in the annular exit section, the instrumentation consisted of six static-pressure taps 
(three each at the inner and outer walls) and a self-alining probe for  flow angle, total- 
temperature, and total-pressure measurements. In the calculation of pressure ratio 
across the turbine, the pressure at station 3 was determined from the average of the 
static pressures at the inner and outer walls. Two interstage pressure taps were in- 

a 



1 
I 
L 

I I C D -8655-15 

B Static pressure 
Total pressure 

b Angle 
@ Total temperature 

Station 1 2 3 

Figure 5. -Turbine test section and instrumentation. 

stalled at station 2 (stator exit), thereby making it possible to determine the variation of 
static pressure through the turbine. 

The values of the absolute pressures at the various stations were measured by elec- 
tr ical  transducers. Measurements were made on an integrating digital voltmeter and re- 
corded on paper tape for computer processing. 

P r ocedu re 

Two series of tests were made, with the first made at design Reynolds number. The 
second series was made over a range of inlet pressures to determine the effect of 
Reynolds number on turbine performance. 

Performance data at design Reynolds number were taken at nominal inlet total condi- 
2 tions of 578' R (321 K) and 9.0 psia (6.2 N/cm ). These values of temperature and pres- 

sure correspond to a Reynolds number of about 109 000 at design operation. Data were 
obtained over a range of equivalent total- to static-pressure ratios from 1.32 to 2.30 and 
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a speed range from 0 to 110 percent of equivalent design. For the Reynolds number 
tests, the range of inlet pressures was from 6.0 to 19.0 psia (4.1 to 13.1 N/cm2)* Data 
were obtained over a range of equivalent pressure ratios of 1.32 to 1.94 at equi.alent de- 
sign speed. 

torque required to rotate the shaft and rotor over the range of speeds covered in the in- 
vestigation. In measuring the friction torque, windage losses were minimized by evacu- 
ating the air from the turbine to a pressure of about 0.001 psia (6. 666X10-4 N/cm ). A 
friction torque value of approximately 0.73 inch-pound (0.08 N-m) was obtained at equiv- 
alent design speed. This value corresponds to 12.6 percent of the turbine torque ob- 
tained at equivalent design-point operation. Friction torque was added to the dynamom- 
eter torque for turbine efficiency calculation. 

pressures were calculated from mass flow rate, static pressure, total temperature, and 
flow angle from the following equation: 

Friction torque of the bearings and seals was obtained by measuring the amount of 

2 

The turbine was rated on the basis of both total and static efficiency. The total 

\ 

In the calculation of turbine-inlet total pressure, the flow angle was assumed to be zero. 

RESULTS AND D 

The results obtained from the investigation of the subject turbine are first presented 
for operation at design Reynolds number. A discussion of the effect of a change in 
Reynolds number on the performance of the turbine and a discussion of the efficiency 
comparison of the subject turbine with those of the other two geometrically similar refer- 
ence turbines are also presented. All results with the exception of the radial surveys, 
a r e  shown in terms of air equivalent values, 

formance at Design Reynolds Numbe 

The equivalent specific work output Ah/QCr is shown in figure 6 as a function of 
equivalent pressure ratio p p for lines of constant speed. The curves show trends ( i/ 3)Ra 
similar to those of other radial &<bines that have been investigated. For the range cov- 
ered in this investigation, any increase in pressure ratio results in an increase in spe- 

10 



Percent of 
equivalent 

2 

12L- 

Equivalent pressure ratio, pi lp3 

Figure 6. -Variat ion of specific work with pressure ratio and speed. 

cific work at all speeds. This indicates that the turbine has not reached the point of lim- 
iting loading. A value of 11.96 Btu per pound (27.84 J/g) was obtained at equivalent de- 
sign speed and pressure ratio. This value agrees very closely with the design value of 
11.90 Btu per pound (27.70 J/g). 

plotted as a function of pressure ratio p1 p3) for each of the seven speeds. The re- ( " eq 
sulting curves are typical of subsonic turbines in that there is an increase in mass flow 
rate with an increase in pressure ratio at all speeds. At equivalent design speed and 
pressure ratio, the mass flow rate was 0.341 pound per second (0.155 kg/sec), which is 
4.7 percent lower than the design value of 0.358 pound per second (0.162 kg/sec). Di- 
mensions of the stator throats indicated that the stator throat area was about 3 percent 
lower than the design value. The smaller-than-design rotor throat area as well as accu- 
racy of measurements could account for the remainder of deficiency in mass flow rate. 

The values of torque were obtained from faired curves because data were taken at con- 
stant blade speeds and not at constant pressure ratio. The torque at equivalent design 
speed and pressure ratio was 9.39 inch-pound (1.06 N-m). This value is about 4.1 per- 
cent smaller than the design value of 9.80 inch-pounds (1.11 N-m) and about 55 percent of 
that obtained at zero speed and design pressure ratio. The curves a re  typical of those 
for radial inflow turbines in that they deviate appreciably from straight lines. 

Mass  flow characteristics are shown in figure 7.  Mass flow rate (EwG)/~ is 

The torque ~ 7 / 6  is shown in figure 8 as a function of speed and pressure ratio. 

11 



VI VI g .32 YI 

c 
c al 

m 
3 

c a 
m > 

- - 
.E .28 .- 

r) .l4I .12 w" 

. 24 

- F  

I I  I 
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 

.6 L 

P 

r' .- 
d 
-@ 
al- 
=I = L 
0 c 
c 
c al 

> 
3 U w 

- 
m .- 

Equivalent pressure ratio, Pilp3 

Figure 7. -Variation of mass flow with pressure ratio and speed. 

Equivalent inlet- 
total-to exit-static- 

M pressure ratio, 

12 
1.65 

14 8i- I , I xi::; 
1.37 

4 
0 20 40 60 80 100 120 

Percent of equivalent design speed 

Figure 8. -Variation of torque with speed and pressure 
ratio. 

Figure 9 shows the performance of the turbine in terms of total and static efficien- 
cies. Efficiency is plotted as a function of blade-jet speed ratio for the size values of 
speed covered in the investigation. Values of total efficiency of 0.88 (fig. 9(a)) and static 
efficiency of 0.83 (fig. 9(b)) were obtained at equivalent design-point operation. These 
values agree closely with the design values of 0.880 and 0.824, respectively. 

pressures in the turbine together with the results of a radial survey of turbine-exit total 
pressure and flow angle. 

Turbine internal flow characteristics can be determined from the measured static 
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Figure 9. -Variation of efficiency with blade-jet speed ratio. 

The experimental value of stator-exit static pressure at equivalent design speed and 
pressure ratio was very nearly equal to the design value. This indicates that near design 
free-stream gas velocities were obtained. The measured static pressure also indicated 
that the rotor was operating near the design value of reaction. Since rotor reaction was 
near design and the mass flow rate was about 4.7 percent lower than design, this would 
indicate that the rotor throat area was smaller than design value. 

flow angle obtained at equivalent design-point conditions are shown in figure 10. The var- 
The results of a radial survey of turbine-exit total pressure, total temperature, and 
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(a) Exit total pressure. 

10 
0 Experimental ratio 

0 

-10 

-20 

(b) Exit flow angle. 

'.Or I 

. 9  

'8.3 .4  .5 .6 . 7  .8  ,9 1.0 

I 

I 
)uter wall I 

Radius ratio, r/router wall 

(c) Local total efficiency. 

Figure 10. -Variation of exit total pressure, flow angle, and 
local total efficiency with radius ratio at design-point opera- 
tion. 

iation of exit total pressure with radius ratio is presented in figure lO(a). As can be seen 
from the figure, there were minor variations in total pressure across the passage with 
small deviations from the design value. These deviations were less than 1 percent of the 
design value. 

Rotor exit flow angle is shown in figure IO@) as a function of radius ratio. Positive 
angles indicate a flow velocity with a component in the direction of rotation. It can be 
seen that there was overturning of the flow from the hub to a radius ratio of about 0.835. 
The maximum radial variation in specific work, as a result of the total pressure and flow 
angle distribution, was calculated to be approximately 8.9 percent of overall specific 
work as determined by torque, mass flow rate, and speed measurements. 

radial positions where data were obtained. These values of local total efficiency were 
calculated on the basis of the change in tangential momentum through the rotor and the 
measured values of total pressure and total temperature at the rotor exit. Figure 1O(c) 
shows values of local total efficiency as a function of radius ratio. There is a maximum 
variation of approximately 10 points in efficiency, and in the region near the shroud the 

Calculations were then made to determine the values of total efficiency at each of the 
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values of efficiency a re  several points below the design value. This indicates that design 
work was not obtained from that part of the rotor blade near the shroud, 

formance Over Range of Reynolds Number 

Performance results indicated a small effect of Reynolds number on mass flow rate. 
An increase in Reynolds number from 68 900 to 219 900 resulted in an increase in equiva- 
lent mass flow rate of only 0.8 percent at equivalent design speed and pressure ratio. 
Static-pressure measurements indicated the stator pressure ratio to be independent of 
Reynolds number. This would suggest that the small increase in mass flow rate with an 
increase in Reynolds number was due to decreased viscous losses in the stator and rotor, 
the ratio between the losses in the stator and rotor remaining the same. 

The variations of total and static efficiencies with blade-jet speed ratio for the five 
values of turbine inlet total pressure a re  shown in figure 11. The total efficiency shows 
similar trends for all inlet pressures. The curves indicate a maximum value of effi- 
ciency at a value of blade-jet speed ratio that is lower than the design value of 0.697. At 
the higher values of blade-jet speed ratio, there is a noticeable decrease in efficiency. 
As shown in reference 3,  the large decrease in efficiency at the higher values of blade-jet 
speed ratio is typical of radial-inflow turbines. The maximum value of total efficiency 

r 
.9 

.8 

F . 7  
U (a) Inlet pressure, 6.0 psia (4. I 

Nlcm2); Reynolds number, 
68 900. 

8 a, 

U 
.- .- 
L 

E L o r  

value -., 
.5 . 6  . 7  . 3  .9 

(c) Inlet pressure, 11.0 psi? (7.6 
Nlcm’); Reynolds number, 
120 500. 

(b) Inlet pressure, 8.9 psia (6.1 
Nlcm2); Reynolds number, 
102 800. - :+ Design 

value-, 1 
I h I 

Efficiency 
0 Total 
0 Static 

- 
Design 
value7,( 

.5 .6 . 7  . 3  .9 ,> .6 .7  . a  . 9  

(e) Inlet pressure, 19.0 psia (13. 1 

Blade-jet speed ratio, v 

(d) Inlet pressure, 16.0 psia (11.0 
Nlcm2); Reynolds number, 
181 300. 219 900. 

Nlcm’); Reynolds number, 

Figure 11. - Performance characteristics over range of turbine inlet pressures. 
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increased from 0.87 at  the lowest Reynolds number to 0.91 for the highest Reynolds 
number 

The static efficiency curves show trends that are similar to those of the total effi- 
ciency curves, with a larger dropoff in efficiency at the lower values of blade-jet speed 
ratio. The larger difference between total and static efficiencies at the lower values of 
blade-jet ratio reflects the larger values of exit kinetic energy. 

Reference 2 
turbine 

4.59; 11.66 
82 200 

1.9 
1.4 
0.86 
0.81 

Performance Comparison w i th  t h e  6.02- n c h  (15.29-cm) and 

Subject 
turbine 

3.50; 8.89 
109 000 

1.8 
0.7 
0.88 
0.83 

4.59-Inch (11.66-cm) Reference Turbines 

For ease of comparison, experimental values obtained for the subject turbine as well 
as the turbines of references 1 and 2 are listed in table 11. Included in the table a re  the 
tip clearances for each turbine. It should be remembered that these turbines were de- 
signed to be geometrically similar and differ only by the scale factor. Table I1 shows 
that the same efficiencies were obtained for both the subject and the 6.02-inch (15.29-cm) 

TABLE 11. - EXPERIMENTAL VALUES 

Reference 1 
turbine 

Tip diameter, in. ; cm 
Design Reynolds number 
Axial clearance, percent of blade height 
Radial clearance, percent of blade height 
Total efficiency 
Static efficiency 

6.02; 15.29 
63 700 

2.5 
0.7 
0.88 
0.83 

turbine at their respective design Reynolds number and at equivalent design speed and 
pressure ratio. The table also shows that the radial tip clearances were the same but 
that the axial tip clearance was larger for the turbine of reference 1. If the results of a 
tip clearance investigation of reference 4 are applied, the difference in axial tip clear- 
ance would only amount to about one-tenth of a point in efficiency. 

At equivalent design speed and pressure ratio, the efficiencies of the subject turbine 
are 2 points higher than those of the 4.59-inch (11.66-cm) turbine of reference 2. Com- 
parison of tip clearances (table 11), shows that the reference turbine had a larger radial 
tip clearance and about the same value of axial tip clearance. The tip clearance investi- 
gation of reference 4 indicated that the radial tip clearance had the most significant effect 

16 



on turbine efficiency. Applying the results of this reference, about one of the two points 
difference in efficiency can be attributed to the difference in radial tip clearance between 
the two turbines. The remaining one point difference could result from the inaccuracy of 
measurements. With regard to the accuracy of data, the inaccuracies involved in the 
measurements of torque, friction torque, and mass flow rate could result in a k0. 5 point 
e r ror  in the experimentally obtained efficiencies. The main conclusion, therefore, can 
be made that, within the accuracy of measurements, no significant effect of turbine size 
on performance was obtained over the range of tip diameters investigated. 

pressure ratio is presented in figure 12. Included in this figure a re  the results obtained 
for the turbines of references 1 and 2. All curves show similar trends: an increase l’n 
efficiency with an increase in Reynolds number. The figure shows that, for the subject 
turbine, the total efficiency increased from 0.87 to 0.91 as Reynolds number increased 
from 68 900 to 219 900. 

The variation of total efficiency with Reynolds number at equivalent design speed and 

i !  

Turbine tip diameter, 
in. (cm) 

6.02 15.29 
4.59 11.66 
3.50 8.89 

--- 
--- 

- --- ------- ----- /--- S a, 

U 
.- .- 
c c 

SUMMARY OF RESULTS 

An experimental investigation of a 3.50-inch (8.89-cm) tip diameter radial-inflow 
turbine was conducted to determine its performance at design Reynolds number and over 
a range of Reynolds number from 68 900 to 219 900. The results were compared with 
those obtained from geometrically similar turbines with 6.02- and 4.59-inch (15.29: and 
11.66-cm) tip diameters which were designed for the same application. The pertinent re- 
sults of the investigation are as follows: 

1. Equivalent specific work of 11.96 Btu per pound (27’. 84 J/g) was obtained near de- 
sign Reynolds number (109 000) and at equivalent design speed and inlet-total- to rotor- 
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exit-static pressure ratio. This value agrees very closely with the design value of 
11.90 Btu per pound (27.70 J/g). The associated static and total efficiencies were 0.83 
and 0,88, respectively, which compare favorably with design. 

(0.155 kg/sec). This value was  4.7 percent lower than design and resulted principally 
from the flow areas  in the blade rows being smaller than design since approximate design 
reaction was obtained. 

3. The value of total efficiency at equivalent design speed and pressure ratio in- 
creased from 0.87 to 0.91 as Reynolds number increased from 68 900 to 219 900. The 
increase in turbine efficiency was attributed entirely to a decrease in viscous tosses 
since rotor reaction appeared to be independent of Reynolds number. 

vestigated. The efficiency level of the subject turbine was the same as that of the 6.02- 
inch (15.29-cm) turbine and 2.0 points higher than that of the 4.59-inch (11.66-em) tur- 
bine. The lower efficiency in the case of the 4.59-inch (11.66-cm) turbine was attributed 
in part to the excessive radial blade clearance over the exducer. Experimental inaccu- 
racy could account for the remaining difference. 

2. At this design point, the mass flow rate was 0.341 pound per second 

4. There was no significant effect of turbine size on performance for the sizes in- 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland., Ohio, 8/26/69, 
120-27. 
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